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» Oxidative DNA damage is inevitable endogenous

DNA lesions

» ~12,000 AP sites and ~55,000 SSBs per
mammalian cell each day

Ciccia and Elledge, Molecular Cell, 2010;
Tubbs and Nussenzweig, Cell, 2017




Oxidative DNA damage and DNA repair
(BER & SSBR) pathways
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DNA single-strand break (SSB)
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» How is SSB repair and signaling
regulated?

Nassour et al., Nat Commun, 2015;
Higo et al., Nat Commun, 2017,
Caldecott, Nat Rev Genetics, 2008;
Hossain et al., Int J Mol Sci, 2018
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DNA single-strand break
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The DNA damage response (DDR) pathway
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The complexity of DDR
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Targeting ATR DDR for cancer therapies

BRIEF COMMUNICATION

PUBLISHED ONLINE: 13 APRIL 2011| DOI: 10.1038/NCHEMBIO.573

Selective killing of ATM- or p53-deficient cancer
cells through inhibition of ATR

Philip M Reaper, Matthew R Griffiths, Joanna M Long, Jean-Damien Charrier, Somhairle MacCormick,
Peter A Charlton, Julian M C Golec & John R Pollard*
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Functions of APE1

in genome integrity
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Targeting APE1 in the treatments of human diseases

P — Cancer metabolism APE1/Ref1 » Redox function
Endoribonuclease activity .
eg., APX3330 o_%_ .o n Q RNA > DNA repair
APX2009 L PN AN 0 VW . o
L V- Lo » RNA metabolism*
W\ e > CIPN?
> DDR?
ENSdamaoeT - ieenas b = Q .
] :; T APERef pltonatpa e ~1,500 APE1 papers in PubMed
-§ é s m:}:“:‘&’) ;"' Redox function é ﬂopolrfumﬂon ’l L CIPN
ESE  myenenc sy Re f1 W _TFs Chemotherapy-induced
Qf:o L = neuron damage o h T ’-', 1 Pertipheral Neuropatthy (CIPN)
£83 g Refi 4 [ TFs \ N
“g e % . Chemokine H
g 3 Cytokine Immune cell ol . £
g & production W stimulation ®=J>srcrurns -:! (Wet"““dm &
g ‘ ------ ‘ ...... R ‘ t
k.. petivation ?\!‘!;%.;:';lnammmory A""‘ 3 -m::ﬁ:ﬁ«:ﬁ;:ﬂ?;::gn ation l AP0
eg., TNF-q, IL-6, IL-1B, CXCL-1 '\“‘ -redox regulation

»Phase | (NCT03375086): A Study of APX3330 in Patients With
Advanced Solid Tumors (APX3330). 19 participants, open-label,
dose-escalation to determine safety and tolerability.

»Phase || (NCT04692688): Study of the Safety and Efficacy of Qian et al., Drug Des Dev Ther, 2014:
APX3330 in Diabetic Retinopathy (ZETA-1). Placebo-controlled Wang et al., Invest New Drugs, 2020;

double-masked, randomized in 100 participants Mijit et al., J Cell Signal, 2021,
Caston et al., Drug Discovery Today, 2021




Function and mechanisms of
APE2 in genome/epigenome integrity
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APE2 is a synthetic lethal target

in BRCA1/2-deficient cells

Molecular Cell

Genetic Screens Reveal FENT and APEX2
as BRCAZ2 Synthetic Lethal Targets

Kristen E.Mengwasssr, ' Richard 0. Adeyerni,
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Apn2 resolves blocked 3’ ends and suppresses
Topl-induced mutagenesis at genomic rNMP sites

FuyangLi', Quan Wang?*, Ja-Hwan Seol', Jun Che?, XiaoyuLu?, Eun Yong Shim?, SangEunLee ©'** and
HengyaoMin®2 "
news & views

ENOME INTEGRITY

Resolution of a complex crisis at DNA 3’ termini

Ribonucleotides that are misincorporated Info DNA during replication are removed by topoisomerase 1, which

generates 3"-terminal adducts that are not amenable to DNA repair and thus compromise gename stability.

A recent report by Li et al. reveals that Apn2/APE2 resolves such blocked 3’ termini, thereby suppressing
1-induced mut sites within the genome

Shan Yan
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Endogenous DNA 3’ Blocks Are Vulnerabilities
for BRCA1 and BRCA2 Deficiency
and Are Reversed by the APE2 Nuclease

quﬂmh«su Quilén, " Jessica L. Wojtaszek.’ Marie-Glaude Mathieu,’ Tejas Patel,” C. Denise Appel.’
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Henriqus
Michael Zinda.” R. Scott Willams.”-* and Daniel Durocher

Mechanism:

Resolution of 3’-blocked ends? Resolution of 3'-flap structures?
Li...Lee, and Niu, Nat Struct Mol Biol, 2019;
Yan Nat Struct Mol Biol, 2019;
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The APE2 nuclease is essential

for DNA double-strand break repair

by microhomology-mediated end joining

Hubert Fleury, Myles Glara M. Stiofel,” Roopesh Anand,’ Colin Benjamin Nebenfuehr,
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The Xenopus LSS and HSS/NPE systems
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APE2 is required for the hydrogen peroxide-induced
Chk1 phosphorylation in Xenopus LSS system
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APE2’s PCNA interaction and exonuclease activity
are important for its role in OS-induced ATR DDR
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Zf-GRF is a unique motif in
DNA/RNA metabolism proteins
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Wallace et al., PNAS, 2017



Crystal structure of APE2 Zf-GRF motif and its
ssDNA association
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Wallace et al., PNAS, 2017



APE2 Zf-GRF motif is important for its exonuclease
activity and OS-induced ATR DDR

FAM-5.

DNA only
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Two critical questions:

1. Hydrogen peroxide may
generate different types of
oxidative DNA damage. What
happens for any defined SSB
structures?

2. How is ssDNA generated at
SSB site in the first place?
How is APEZ2 recruited to SSB
site?

Wallace et al., PNAS, 2017



Establishment of a cell-free DNA SSB repair and
signaling technology

» Does a single SSB trigger a DDR
pathway activation?

0
\/%
_ _ Sbfl &
» What is the molecular mechanism of I“_%____Tf“ff"_;_ﬂ?’ ___________ &
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Yunfeng Lin - circular
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esearc . A
Assistant 4 o P
3-OH 5-OH As expected, the
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Sbfl treatment
W Liping Bai
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Lin et al., Nucleic Acids Res, 2018



A defined SSB structure triggers Chk1

phosphorylation

in the HSS system
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* ATRIP, TopBP1, Rad9, and Claspin
are canonical checkpoint protein!

Lin et al., Nucleic Acids Res, 2018



APE2 Zf-GRF interaction with PCNA C-terminus is
critical for SSB-induced ATR DDR in HSS system

APE2-dep. APE2-dep.
Myc-APE2 Myc-APE2
Mock- _— Mock- B —————
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APE2 | 517 . R G G
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e .
IDCL CT™M g '
all | RPA32

* C470A APE2 Zf-GRF fails to
interact with PCNA CTM

Myc-APE2
Endo. APE2

Lin et al., Nucleic Acids Res, 2018



ATR and APE2 are essential for SSB repair

SSB plasmid with 5'-OH in HSS

SSB repair: SSB i HSS
5 R Sbfl APE2-dep. +Add back
X
5 £ a3 ® 0135793 01357930  minutes Mock-dep. - Myc-APE2
o v Qo = T a= —
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3kb- [ :
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1 2 3 4 5 6 7 8 9
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001530015 30minutes € 401 M B3 Addback
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[ 1,
Z 20 m
. [a}
nicked
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i 5 min 30 min
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1234567 8 9101112
Lin et al., Nucleic Acid Res, 2018;

Cupello et al., Biochem J, 2019



Molecular mechanisms of
DNA SSB repair and signaling by APE2

SSB
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1 end resection?
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Next questions:

1. Bioinformatics analysis of APE2
expression in cancer vs normal cells?

2. How does APEZ2 contribute to cancer
etiology? |Is APE2 a driver or passenger
of cancer?

3. Can APE2 be targeted for cancer
treatment?

Willis et al., PNAS, 2013;

Wallace et al., PNAS, 2017;

Lin et al., Nucleic Acids Res, 2018;
Cupello et al., Biochem J, 2019



APE2 overexpression in
multiple myeloma (MM) and liver cancer
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APE2 is an oncogene of liver cancer?
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Kumar...Munshi, Shammas, Blood Cancer J, 2018;
Zheng et al., World J Clin Cases, 2020



Physiological significance of APE2 in
genome integrity and cancer etiology

7

o
HANLCTTTE

Dr. Xinghua Shi
Temple University

Katie Jensen

* Graduate student

1 Akram Hossain

Graduate student
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Jensen et al., Sci Rep, 2020



APE2 mRNA is overexpressed in tumor tissue and
correlates with other DNA repair/DDR proteins
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Jensen et al., Sci Rep, 2020



APE2-KD led to decreased ATR DDR, increased gamma-H2AX,
and decreased cell viability in pancreatic cancer cells

. . siRNA in PANC1
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Targeting APE2 for cancer therapy

via first-known compound inhibitor Celastrol

Therapeutics, Targets, and Chemical Biology Cancer

Research

Cancer Res; 74(24) December 15, 2014

Identification of ATR-Chk1 Pathway Inhibitors That
Selectively Target p53-Deficient Cells without Directly
Suppressing ATR Catalytic Activity

Masaoki Kawasumi', James E. Bradner>®#, Nicola Tolliday?, Renee Thibodeau®, Heather Sloan’,
Kay M. Brummond?®, and Paul Nghiem™®
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Hossain et al., Frontiers Cell Dev Biol, 2021



Cisplatin-induced APE2 upregulation leads to
acute kidney injury (AKI)

Dr. Jianjun Zhao
Cleveland Clinic

Mltocdrion

CANCER RESEARCH

Home About Articles For Authors Alerts News COoVID-19 Webinars Search Q

Research Article

Cisplatin-mediated upregulation of APE2 binding to MYH9 provokes
mitochondrial fragmentation and acute kidney injury

MTS | Exo/Endo/Phos PIP Zf-GRF

Yi Hu, Chun Yang, Tania Amorim, Mohsin Magbool, Jenny Lin, Chen Li, Chuanfeng Fang, Li Xue, Ariel Kwart, Hua Fang, Mei Yin, Qe Ceveland Gilhic

Allison J. Janocha, Daisuke Tsuchimoto, Yusaku Nakabeppu, Xiaofeng Jiang, Alex Mejia-Garcia, Faiz Anwer, Jack Khouri, Xin Qi, ) ) ) . R ; . . . .
Qing Y. Zheng, Jennifer S. Yu, Shan Yan, Thomas LaFramboise, Kenneth C. Anderson, Leal C. Herlitz, Nikhil C. Munshi, Jianhong Lin, and Cisplatin promotes acute kidney injury by upregulating APE2, which leads to subsequent MYH9 dysfunction in the mitochondria

Jianjun Zhao of proximal tubule cells.
® Add to Cart ($50)
DOI: 10.1158/0008-5472.CAN-20-1010 M) Gheck for updates

Hu et al., Cancer Res, 2021



Cisplatin induces APE2 upregulation and AKI, which is
recapitulated by APE2-OE transgenic mice
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Hu et al., Cancer Res, 2021



APE2 transgenic mice lead to cell death and
mitochondrial fragmentation and instability
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Summary 1 — APE2

v 1. APE2 and its nuclease activity
and Zf-GRF motif are required for
the OS-induced ATR DDR.

v’ 2. APE2 and its exonuclease
activity is required for the SSB-
induced ATR DDR and SSB

repair.

v" 3. Function of APE2 in ATR DDR
and AKI can be targeted for
cancer treatment.

Critical Reviews and Perspectives

APE2: catalytic function and synthetic lethality draw
attention as a cancer therapy target

Anne McMahon', Jianjun Zhao? and Shan Yan * 124

Catalytic Function
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) resolution
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+ BRCA1 b % P MpE
$BRCA2 \  Eiuws o | —POSR
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Synthetic Lethality

Willis et al., PNAS, 2013;

Wallace et al., PNAS, 2017;

Lin et al., Nucleic Acids Res, 2018;
Hossain et al., In J Mol Biol, 2018;
Cupello et al., Biochem J, 2019;

Yan, Nat Struct Mol Biol, 2019;

Jensen et al., Sci Rep, 2020;

Hossain et al., Frontiers Cell Dev Biol, 2021;
Hu et al., Cancer Res, 2021;

Lin et al., Mutat Res Rev, 2021;
McMahon, Zhao, Yan, NAR Cancer, 2023



Outline

% Introduction
% Functional studies of APE2 in ATR DDR and cancer biology
1. APE2 in OS-induced ATR DDR
2. APE2 in SSB-induced ATR DDR
3. APE2 in cancer biology and therapeutics
% Molecular mechanisms of APE1 in SSB response, global and nucleolar DDR
1. APE1 in SSB-induced ATR DDR
2. APE1 in ATRIP recruitment to ssDNA gaps

3. APE1 in nucleolar DDR



Molecular mechanisms of
DNA SSB repair and signaling

SSB _
-3

E Initiation of 3-5 ssSB ﬁ QueStion g
VT How is ssDNA generated at SSB site
APE2 recruitment for APE2 activation?

and activation
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SSB end resection

’ v APE1 may play a direct role in

5
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Actvation of ATR: SSB repair and signaling?

Chk1 DDR pathway

lSSB repair Willis et al., PNAS, 2013;
Wallace et al., PNAS, 2017;

Lin et al., Nucleic Acids Res, 2018;
Cupello et al., Biochem J, 2019
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APE1 is required for APE2 recruitment
to SSB sites but not vice versa

Dr. Yunfeng Lin
Postdoc/

Research Assistant
Professor

Jude Raj
Honors student
Now @Duke MD/PhD
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Recruitment of APE2 to SSB sites
requires APE1.
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However, APE2 is dispensable for APE1
recruitment to SSB sites.

Lin et al., Nucleic Acids Res, 2020



APE1 senses and binds to SSB structures

dsDNA dsDNA-SSB dsDNA-gap
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Lin et al., Nucleic Acids Res, 2020



APE1 exonuclease activity is important for SSB-
induced DDR pathway and SSB repair
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APE1 and its exo activity are important for
SSB repair in the HSS system.
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Lin et al., Nucleic Acids Res, 2020



What are the molecular mechanisms of
SSB-induced ATR-Chk1 DDR?

A two-step mechanism of

SSB repair and signalin Trends in
P gSSB g Cell Biology @ ColPress
— 3
¥
SSB recognition and i . i
binding by APET 1 DNA single-strand break repair and human
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The ATR/ATRIP complex is recruited to ssDNA via
the RPA-ATRIP interaction

Science

Sensing DNA Damage Through ATRIP Recognition of RPA-ssDNA
Complexes

Lee Zou and Stephen J. Elledge

Science 300, 1542 (2003);

DOI: 10.1126/science. 1083430
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Phosphorylation of
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Question:

What protein brings ATRIP to
ssDNA in an RPA-independent
manner for ATR DDR?

Hypothesis:

APE1 plays a critical role in ATRIP
recruitment to ssDNA via a non-
catalytic function.

Zou and Elledge, Science, 2003;

Lee, Kumagai, Dunphy, Mol Cell, 2003;
Unsal-Kagmaz and Sancar, Mol Cell Biol, 2004;
Bomgarden...Cimprich, J Biol Chem, 2004;
Kim, Kumagai, Dunphy, J Biol Chem, 2005;
Ball, Mayers, Cortez, Mol Biol Cell, 2005;
Namiki and Zou, PNAS, 2006



APE

1 is required for the recruitment of ATRIP

onto RPA-ssDNA in Xenopus

60nt 10nt 5
700Nt 5

30nt ssDNA gap
10nt ,,

3
To0nt 5

80nt ssDNA gap

Mock-dep. APE1-dep.

30nt 80nt 30nt 80nt
gap gap gap gap
130kD-|
— ATRIP
E " APE1
-§ 40kD+ --
3| 700 == | RPAT0
(&)
1L M woee| RPAR2
130kD+
| R e g | ATRIP
40KkDA
m APE1
5| 7OKD{ s s s s s | RPA70
©
| 35kD
T| T - ~enc2
55KD- .- Chk1-P-S344
55k | N S S e | Chik 1

1 2 3 4 5 6

Bead-bound

Extract

Mock-dep. RPA-dep.
30nt 80nt 30nt 80nt
gap gap gap gap

130kD
~ “dATRlP
—

70kD- RPA70
St B RPA32
130kDA

40kD-

APE"1

70KD-

RPA7Y0

RPA32

-
(2
o

M |

1

ATRIP Bead/Extract (a.u.)

00

(3]
o
' I

o
| I

p=0.0286
p=0.1113

Lin et al., eLife, 2023



APE1 protein interacts with ssDNA

in a length-dependent manner
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APE1 interacts with ATRIP protein and RPA complex
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APE1 is sufficient for ATRIP recruitment to ssDNA in vitro, and
required for ATRIP recruitment to ssDNA in Xenopus egg extracts
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APE1 displays two distinct distinct binding sites
for RPA complex
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APE1 recruits ATRIP to ssDNA in an RPA-dependent
and -independent manner for ATR DDR
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Biomolecular condensates by
liquid-liquid phase separation (LLPS) in nucleolus
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Molecular mechanisms of

nucleolar DNA damage response

Trends in

Cell Biology

Molecular mechanisms
of nucleolar DNA
damage checkpoint
response

Jia Li' and Shan Yan ® '2°* g

e for

Ribosomal DNA (rDNA) is tran-
scribed into RNA in the nucleolus
and is often challenged by different
stress conditions. However, the un-
derlying mechanisms of nucleolar
DNA damage response (DDR)
pathways remain elusive. Here, we
provide distinct perspectives on
how nucleolar DDR checkpoint
pathways are activated by different
stresses or by liquid-liquid phase
separation (LLPS).
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APE1 is important for the oxidative stress-induced
ATR DDR in mammalian cells

What is the role and mechanism
of APE1 in DDR in the nucleoli?
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Overexpression of YFP-APE1 but not YFP triggers
ATR DDR in mammalian cells
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APE1 forms liquid-liquid phase separation
(LLPS) in vitro to activate ATR
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Overexpressed APE1 is translocated to the nucleoli to
activate ATR DDR in cancer but not normal cells
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APE1 is a previously unidentified
direct activator of the ATR kinase
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W119 in hAPE1 is critical for direct activation of

ATR kinase by APE1
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APE1-OE-induced nucleolar ATR DDR compromises
pre-rRNA transcription and impairs cell viability
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A working model for the multiple mechanisms of
APE1 in the ATR DDR in cancer cells
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Summary 2 — APE1

v 1. APE1 and its exonuclease activity
is required for SSB repair and
signaling.

v' 2. APE1 interacts with and recruits
ATRIP to ssDNA in an RPA-
dependent/-independent manner for

ATR DDR via a non-catalytic function.

v' 3. APE1 assembles biomolecular
condensates to promote the ATR-
Chk1 DDR in nucleolus in cancer but
not normal cells.

Active ATR
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Genetic Screens Reveal FEN1 and APEX2
as BRCAZ2 Synthetic Lethal Targets
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